Se tee 6 Technical Report SL-97-13 
November 1997 


US Army Corps 

of Engineers — 
Waterways Experiment 
Station 


Soil-Embedded and Oil-IlImmersed Soil Stress 


Gage Calibration Tests 


by Walton C. Dickson, Jon E. Windham 


{9071215 188 


Approved For Public Release; Distribution Is Unlimited 


Prepared for Defense Special Weapons Agency 


The contents of this report are not to be used for advertising, 
publication, or promotional purposes. Citation of trade names 
does not constitute an official endorsement or approval of the use 
of such commercial products. 


The findings of this report are not to be construed as an 


official Department of the Army position, unless so desig- 
nated by other authorized documents. 


Beanren ON RECYCLED PAPER 


Technical Report SL-97-13 
November 1997 


Soil-Embedded and Oil-Immersed Soil Stress 
Gage Calibration Tests 


by Walton C. Dickson, Jon E. Windham 


U.S. Army Corps of Engineers 
Waterways Experiment Station 
3909 Halls Ferry Road 
Vicksburg, MS 39180-6199 


Final report 
Approved for public release; distribution is unlimited 


Prepared for Defense Special Weapons Agency 
6801 Telegraph Road 
Alexandria, VA 22310-3398 


ar 


US Army Corps 


of Engineers 
Waterways Experiment 
Station 


FOR INFORMATION CONTACT: 

PUBLIC AFFAIRS OFFICE 

U.S. ARMY ENGINEER 

WATERWAYS EXPERIMENT STATION 
3903 HALLS FERRY ROAD 
VICKSBURG, MISSISSIPPI 39180-6199 
PHONE: (601) 634-2502 


AREA OF RESERVATION ¢ 2.7 sq ior 


Waterways Experiment Station Cataloging-in-Publication Data 


Dickson, Walton C. 

Soil-embedded and oil-immersed soil stress gage calibration tests / by Walton C. Dickson, 
Jon E. Windham ; prepared for Defense Special Weapons Agency. 

322 p. : ill. ; 28 cm. — (Technical report ; SL-97-13) 

Includes bibliographical references. 

1. Strain gages — Calibration. 2. Stress concentration — Measurement. 3. Explosives. 
4. Blast effect — Measurement. |. Windham, Jon E. (Jon Enrique) Il. United States. Army. Corps 
of Engineers. Ill. U.S. Army Engineer Waterways Experiment Station. IV. Structures Laboratory 
(U.S. Army Engineer Waterways Experiment Station) V. United States. Defense Special 
Weapons Agency. VI. Title. VII. Series: Technical report (U.S. Army Engineer Waterways 
Experiment Station) ; SL-97-13. 

TA7 W34 no.SL-97-13 


Contents 
PreTACO = ef sop ta eh a Ad cont nt ath re tnane Eerdet ts Cahn G. Ae oe eee iv 
Conversion Factors, Non-SI to SI Units of Measurement .............. Vv 
FS NMTOGUCHION® 2%, 2 3"5. os cod hah % S: Qed ahnh S L anll, Delite ed dace ete 1 
BACK OCOUNG 2.2 wo: oleate oh see ah eta, Seti ata a cele a ea ig lead 1 
Purpose and Scope ............. piel yap RG aia bn ord de Rigs Bie Cotes 1 
2—Calibration Tests .... 2.2... 2.020000. 0... eee ee ee eee eee 2 
OU TCSEMIDUONS att ere ested ed ee lala Bed he Ak Bs ee 2 
FIUMe Sand? ests Ss Wed Seton oA eer cette a woud wikis 2 eae of es 2 
WMENAClAV CY SAN). 5 65 ace oe ye BN oie thie pin Meee eo umn doe. 2 
Vicksbure loess (Siultyclay): 5. ou 2) ou cee eee nwa CL eeeuers 3 
SOUSHESS GaCen NS cr Valet tg ea cate Legh pen Sans @ Sia aibetts 3 
General Calibration Procedures .................... reed oes 4 
Oil-Immersed Calibration Tests ...............000 ce ee eeceeee 4 
Soil-Embedded Calibration Tests. ............2....0200000004 5 
3—Test Results and Comparisons ............ Bt Me ihe Soira eto 4 36 
Voltage Output Calibration Tests ..................2.2.00000. 36 
Strain Output Calibration Pests’. 325 2. aa a8 ee ae Se bees 37 
Oil-immersed calibrations ............... 00000 c cece cece 37 
Soil-embedded calibrations ............0.........-..00004 37 
PESO AE "tao he See hee aha Seca tte wos Pe aly dans Se ey teria ee hag 56 
References). 2.0.8 nae haved ets ate tate a be hyo eh ee en do a re ena 58 


Plates 1-257 


Preface 


The U.S. Army Engineer Waterways Experiment Station (WES) was tasked 
by the Defense Special Weapons Agency to research the factors affecting the 
Measurement of stress in soil backfills during high-explosive test events. 
Laboratory calibration tests were conducted on soil stress gages embedded in 
flume sand, Yuma clayey sand, and Vicksburg loess (silty clay). Comparison 
tests were conducted on gages immersed in oil. This report documents the results 
of these tests. The work was funded by DSWA under Task Code RSRB, FY85 
and FY86 Work Unit 00058, (Task 3): “In Situ Backfill Property Tests.” 


Responsibility for coordinating the overall program was assigned to Dr. Jon E. 
Windham, Geomechanics and Explosion Effects Division (GEED), Structures 
Laboratory (SL). The soil-embedded calibration tests were performed in the 
GEED Geodynamics Test Facility; the oil-immersed tests were conducted by the 
WES Instrumentation Services Division, Information Technology Laboratory. 
This report was prepared by Mr. Walton C. Dickson and Dr. Jon E. Windham, 
GEED. Dr. Jimmy P. Balsara was Chief, GEED, and Mr. Bryant Mather was 
Director, SL. 


At the time of publication of this report, Director of WES was Dr. Robert W. 
Whalin. Commander was COL Bruce K. Howard, EN. 


| 


Conversion Factors, Non-Sl to 
SI Units of Measurement 


Non-SI units of measurement used in this report can be converted to SI units as 
follows: 


alti 
pounds (force) per square inch 6.894757 kilopascals 
pounds (mass) per cubic foot 16.01846 kilograms per cubic metre 


| hh. 


1 Introduction 


Background 


The U.S. Army Engineer Waterways Experiment Station (WES) has 
conducted high-explosive (HE) field tests for many years. Soil stress 
measurements are used to determine or deduce many aspects of an HE test, = 
hence, accurate calibration of soil stress gages is essential to proper 
interpretation of a test event. WES has typically calibrated the soil stress gages 
used in HE field tests hvdrostatically (Ahmad 1985). The result of a 
hydrostatic calibration is linear for loading and unloading. Therefore, a one- 
step linear calibration has been used to convert the voltage output of a soil 
stress gage to a pressure. Unfortunately, soils do not typically behave as linear 
elastic materials. To the contrary, soil stress-strain behavior is usually nonlin- 
ear and hysteretic. Therefore, a calibration technique is needed to convert the 
voltage output of a soil stress gage to a pressure based upon the soil backfill 
material in which the gage is embedded. 


WES was tasked by the Defense Special Weapons Agency (DSWA) to 
develop a technique to reduce field voltage records to stress records that 
accounts for the nonlinear-hysteretic response of soils. To accomplish this 
task, low-range and high-range soil stress gages were calibrated hydrostatically 
and also calibrated in three different soils. The output from some of these tests 
were measured in volts. Calibration tests were also conducted in which strain 
from each of the strain gages in the stress gages’ sensing bridge circuit was di- 
rectly recorded as output; the results of these tests can be compared with results 
from finite element gage-simulation calculations. 


Purpose and Scope 


The purpose of this report is to document the results of the calibration tests 
conducted on soil stress gages. A description of the soils used, the test 
equipment, and the test procedures are presented in Chapter 2. Results from 
the calibration tests are presented and compared in Chapter 3. Chapter 4 con- 
tains a summary. 
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2 Calibration Tests 


Calibration tests were conducted on both low-range (to 30 MPa) and high- 
range (to 70 MPa) diaphragm-type soil stress gages, denoted LRSE and HRSE, 
respectively. Each type of gage was calibrated hydrostatically (immersed in oil) 
and also while embedded in three different soil backfill materials, i.e., flume 
sand, Yuma clayey sand, and Vicksburg loess (silty clay). 


Soil Descriptions 


_ Laboratory test programs have previously been documented for all three soils 
used in the soil-embedded gage calibrations. A summary of the classification and 
mechanical property test results for each soil type follows. 


Flume sand 


Laboratory test results for flume sand are well documented (Green 1986a). 
Flume sand is a light brown sand that classifies as SP using the Unified Soil 
Classification System (USCS) (U.S. Army Engineer Waterways Experiment 
Station 1960). A typical gradation curve for flume sand is shown on Figure 2.1; 
the specific gravity of flume sand is 2.64. Flume sand has a maximum dry 
density of 1.80 Mg/m? (112.3 pcf) and a minimum dry density of 1.50 Mg/m? 
(93.6 pef). Target composition property values for the soil-embedded calibration 
tests were 1.62 Mg/m? (101.0 pef) dry density and 5.0 percent water content. 
The uniaxial strain (UX) stress-strain relationship and the UX stress path for 
flume sand are shown on Figure 2.2. 


Yuma clayey sand 


Laboratory test results for Yuma clayey sand are also well documented 
(Cargile 1986). Yuma clayey sand is a reddish-brown material with a USCS 
Classification of SC. A typical gradation curve for this material is shown on 
Figure 2.3. This material has a liquid limit (LL) of 48 and a plastic limit (PL) of 
17, the specific gravity of Yuma clayey sand is 2.68. Compaction tests yielded a 
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standard proctor dry density of 1.95 Mg/m? (121.7 pcf) at an optimum water 
content of 11.6 percent and a modified proctor maximum dry density of 2.11 
Mg/m? (131.7 pcf) at a optimum water content of 7.9 percent. Target values of 
dry density and water content for the calibration test samples were 1.84 Mg/m? 
(115.0 pcf) and 3.0 percent, respectively. The corresponding UX stress-strain 
relationship and UX stress path for Yuma clayey sand are shown on Figure 2.4. 


Vicksburg loess (silty clay) 


The material properties of this soil have been documented (Green 1986b). 
Vicksburg loess is a brownish soil that classifies as a silty clay (CL) using USCS. 
A typical gradation curve for this material is shown on Figure 2.5. Atterberg 
limits tests indicated a LL of 32 and a PL of 20. This silty clay has a specific 
gravity of 2.71. Compaction tests yielded a standard proctor maximum dry 
density of 1.72 Mg/m? (107.1 pcf) at an optimum water content of 16.2 percent 
and modified proctor maximum density of 1.84 Mg/m? (114.7 pcf) with an 
optimum water content of 13.7 percent. Shown on Figure 2.6 is the UX 
compressibility relationship and UX stress path for Vicksburg loess at the target 
dry density of 1.62 Mg/m? (101.0 pcf) and the target water content of 11.9 
percent. 


Soil Stress Gages 


Two SE-type soil stress gages were used in the calibration tests, i.e., LRSE 
and HRSE gages. Both gages are manufactured by Kulite Semiconductor 
Products, Inc. 


The LRSE gage is Kulite model no. LQ-080U with a range of 0 to 30 MPa; its 
design is well documented (Ingram 1967 and Ingram 1968). The gage is 0.225- 
in. thick and 1.20 in. in diameter. The active gage sensor consists of four strain 
gages attached to the diaphragms as shown on Figure 2.7. The gages are located 
so that the stress gage measures a single scalar response equal to the sum of the 
four strain gages, i.e., 


(S =. -€ + € = € 
TOTAL TOP CENTER TOP EDGE BOTTOM CENTER BOTTOM EDGB 


The gage is usually placed in an confining ring, shown on Figure 2.8, to prevent 
lateral loads from affecting the readings. A small annulus of RTV silicone rubber 
adhesive sealant is placed between the gage and the confining ring. This material 
significantly reduces the lateral load transfer into the gage. 


The HRSE gage is Kulite model no. LQV-080-8U with a range from 0 to 70 
MPa. The HRSE is basically a LRSE gage but with diaphragms that are twice as 
thick as the ones used in the LRSE gage (Welch 1982). A confining ring is used 
to reduce lateral loads and to increase the effective diameter of the gage. Again, 
RTV silicone rubber adhesive sealant is placed between the gage and the confining 
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ring. Figure 2.9 presents a cross-sectional view of the HRSE gage in its confining 
ring, and Figure 2.10 shows the plan view of the gage and confining ring. 


General Calibration Procedures 


The calibration of a gage consists of two parts (Denise 1987). The first part is 
electrical and consists of shunting a series of known resistors across a bridge 
circuit and measuring the voltage output. The result is the determination of the 
overall electrical resistance of the gage, R,, and a factor, K, related to the gain 
used on the amplifier during that particular calibration. 


The second part of the calibration is physical, in which a known stress is 
applied to the face of the gage and its electrical response is measured in terms of 
amplified voltage. The slope of the amplified voltage versus pressure curve is 
denoted as S. When this slope is multiplied by the K factor found in the electrical 
calibration, the product is the calibration constant of the gage, Ca. 


Multiplying by the K factors is a normalization process, allowing the slopes of 
several different calibration curves to be compared even if the gain on the 
amplifier was different (i.e., different values of K). The end result is the same if 
the raw voltage data is first divided by K, and then the slope, S, is determined. In 
this way, different calibrations can be compared using numerical models other 
than a straight line. 


Oil-Immersed Calibration Tests 


Details of test equipment and procedures used by WES to conduct hydrostatic 
calibrations have been documented (Ahmad 1985). As listed in Table 2.1, 70 oil- 
immersed calibration tests were conducted in this study. Results from standard 
tests in which voltage output from the full bridge was measured for LRSE gages 
are shown on PLATES 1-13. Six LRSE gages were calibrated one time; an 
additional gage was calibrated seven times. Eleven HRSE gages were calibrated 
one time each and two gages were calibrated seven times each. The results of 
these calibration tests are displayed on PLATES 14-38. 


In addition to the standard WES hydrostatic calibrations, tests were conducted 
in which strain from the individual strain gages in the bridge was directly 
recorded as output. Nomenclature for the individual strain gages is presented on 
Figure 2.11. The calibration tests were conducted in the same manner as the 
standard calibration test. Two LRSE gages were calibrated in this manner, as 
shown on PLATES 39-46. Two HRSE gages in which the individual strain gage 
measurements were recorded were calibrated three times each; results from these 
tests are given on PLATES 47-70. 
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Soil-Embedded Calibration Tests 


Calibration tests were run with the stress gages embedded in compacted soil 
backfill specimens for comparison with the hydrostatic calibrations. Again, there 
was an electrical and a physical part to the calibration. The test device used for 
soil-embedded gage calibrations is shown in Figure 2.12. The wafer-shaped soil 
specimen was constructed by rodding the soil into the test chamber until it was 
half full. A soil stress gage was placed in the chamber, and then soil was rodded 
into the chamber until the sample was flush with the top of the base. A rubber 
membrane was placed over the sample, and hydraulic pressure was applied 
Statically to the membrane and hence to the sample. The applied pressure and the 
resulting output (voltage or strain) from the embedded gage were recorded 
manually. The 187 soil-embedded calibrations listed in Table 2.2 included 
loading, unloading, and reloading cycles (see PLATES 71-257). 


Calibration tests with voltage output were conducted on both LRSE and HRSE 
gages in flume sand. For both LRSE and HRSE gages, six gages were calibrated 
one time each and one gage was calibrated six times. The results of these 24 soil- # 
embedded calibrations in flume sand are shown on PLATES 71-94. Flume sand- 
embedded calibration tests were also conducted with strain from each of the four 
strain gages in the wheatstone bridges of the LRSE or HRSE gages recorded 
directly. The strain output tests were conducted with the LRSE gages oriented in 
four ways as shown in Figure 2.13: 


a. Vertical measurement without confining ring. 
b. Vertical measurement with confining ring. 

c. Horizontal measurement without confining ring. 
d. Horizontal measurement with confining ring. 


Strain output tests were conducted with the HRSE gage in two orientations as 
shown in Figure 2.14: 


a. Vertical measurement without confining ring. 
b. Vertical measurement with confining ring. 


Two LRSE gages were tested and each gage was calibrated three times in the four 
orientations (see PLATES 95-190). Only one HRSE gage was calibrated in this 
manner. The data for the three calibration tests in each configuration of the 
HRSE gage are documented on PLATES 191-214. 


The results of 12 LRSE and 12 HRSE gage calibration tests in Yuma clayey 
sand are given on PLATES 215-238. All tests were conducted with voltage as the 
measured output. For both the LRSE and the HRSE series, six gages were 
calibrated one time each and one gage was calibrated six times. 
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Only 19 soil-embedded tests were conducted in Vicksburg loess (silty clay); all 
were conducted with voltage as the output variable. Nine of these tests were 
conducted using LRSE gages; six gages were tested one time each and one gage 
was tested three times (see PLATES 239-247). A total of 10 silty clay-embedded 
calibration tests were conducted using HRSE gages. Again, six gages were 
calibrated one time each, and one gage was calibrated four times (see 
PLATES 248-257). 
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Figure 2.3. Typical grain-size distribution for Yuma clayey sand 
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(6) Vertical measurement with confining ring 


Figure 2.14. Two orientations for soil-embedded calibrations of HRSE gage 
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3 Test Results and 
Comparisons 


SS lps oneness 


Voltage Output Calibration Tests 


To make a comparison between oil-immersed calibrations and soil-embedded - 
calibrations, one must assume that the pressure applied to the top of the gage is 
equivalent to the pressure in the fluid chamber of the test device shown in 
Figure 2.12. The results of the loading portion of a hydrostatic calibration of a 
particular gage can be compared with a soil-embedded calibration of the same 
gage by comparing the associated Ca values for loading. These comparisons are 
shown in Table 3.1. 


The Ca values for the soil-embedded calibrations of LRSE gages are 
consistently lower than the Ca values from hydrostatic calibrations; with only one 
exception, the Ca values for calibrations on gages embedded in Yuma clayey sand 
or Vicksburg loess (silty clay) are less than those for gages embedded in flume 
sand. Again, the Ca values for HRSE gages embedded in the three soils are less 
than the Ca value from hydrostatic calibrations; with only two exceptions, the Ca 
value for either Yuma clayey sand or Vicksburg loess is less than the Ca value 
from the flume sand calibration of the same gage. 


Figure 3.1 compares typical loading and unloading results for LRSE gage 
calibrations; typical results for HRSE gages are compared in Figure 3.2. Linear 
elastic behavior is clearly evident in the hydrostatic calibrations of both the LRSE 
and HRSE gages. The loading portions of the soil-embedded calibrations on both 
LRSE and HRSE gages are slightly nonlinear; the unloading portions, however, 
are highly nonlinear. This produces significant hysteresis in the load-unload 
cycles, especially for the LRSE gage calibrations; HRSE gages display the same 
hysteretic behavior as LRSE gages during unloading but not to the same 
magnitude. 


As shown in Figure 3.3, linear behavior for reloading of soil-embedded LRSE 
gage calibrations was typical; it was also typical for HRSE gage calibrations. The 
reloading cycle was linear in behavior from the initiation point on the unloading 
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cycle to the previous point of maximum applied stress. This linear reloading is 
characteristic of calibration tests run in each of the three soils. 


Strain Output Calibration Tests 


Oil-immersed calibrations 


A typical loading cycle for the individual strain gages in a LRSE gage under 
hydrostatic loading is shown in Figure 3.4. The individual strain gages of the 
LRSE gages were linear in behavior for loading and unloading. Typically the 
edge strain gages were placed in compression to a magnitude that was half of that 
of the center gages, which were in tension. Figure 3.5 shows the total strain 
loading and unloading cycle from a hydrostatic calibration of a LRSE gage. 
Linear behavior is evident in both the loading and unloading portions of the total 
strain measurement. 


The hydrostatic calibrations of the HRSE gages were not as repeatable as those 
for the LRSE gages. Load-unload output from the four individual strain gages in 
the bridge of a HRSE gage are shown in Figure 3.6; unlike the LRSE gages, all 
four strain gages record tensile strains. The magnitudes of bottom and top gages 
were not equivalent as they were in the hydrostatic calibrations of the LRSE 
gages. The combined or total strain results of loading and unloading are 
presented in Figure 3.7. The loading portion is essentially linear; the unloading 
portion is slightly nonlinear, producing some hysteresis in the load-unload cycle. 


Soil-embedded calibrations 


Strain output tests were conducted on both LRSE and HRSE gages embedded 
in flume sand. Both gage types were tested with and without a confining ring. 
LRSE gages were oriented for both vertical and horizontal measurements, while 
the HRSE gage was tested only when oriented for vertical measurements. The 
orientations for the LRSE and HRSE gages are shown in Figures 2.13 and 2. 14, 
respectively. Typical results for each orientation are presented herein along with 
results of tests conducted with and without a confining ring. 


As with the voltage output calibration tests, slight nonlinear behavior is evident 
in the loading portions of the LRSE strain gage records for soil-embedded 
calibrations. The individual strain gage output from an LRSE gage during the 
loading cycle, with and without a confining ring, and oriented for vertical stress 
measurement, are shown on Figures 3.8 and 3.9. A with/without confining ring 
comparison of the total strain output from a LRSE gage oriented for vertical stress 
measurement is presented in Figure 3.10. The load-unload cycles in these flume 
sand calibration tests are very hysteretic in nature. There is little effect, however, 
on the loading or unloading response of the LRSE gage due to the confining ring. 


The individual strain output from a LRSE gage placed for horizontal stress 
measurements is displayed in Figure 3.11 for a calibration test with a confining 
Ting, and in Figure 3.12 for a test without a confining ring. It should be noted 
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that the vertical stress plotted in those figures is not the pressure applied to the 
sensing face of the gage, but is the pressure applied to the surface of the soil 
sample. The horizontal stress or pressure applied to the sensing face of the gage 
is a function of the vertical stress applied to the surface of the sample and the UX 
stress path shown in Figure 2.2. Total strain measurements from a LRSE gage 
oriented for horizontal measurement with and without a confining ring are 
compared in Figure 3.13. When the LRSE gages are oriented for horizontal 
stress measurement, there is a large difference in total strain output for gages 
calibrated in soil with and without the confining ring. The total strain for the gage 
with the confining ring is consistently higher during both loading and unloading 
than for the gage without the confining ring. Again, only slight nonlinear 
behavior is evident during loading; but, significant hysteresis is apparent in the 
unload cycle due to the highly nonlinear behavior during unloading. 


HRSE soil-embedded gage calibrations have more scatter than the LRSE gage 
data. Individual strain gage loading results are plotted versus vertical stress or 
pressure for a HRSE gage with the confining ring in Figure 3.14, and without the 
confining ring in Figure 3.15. The difference in the output from the center gages 
is negligible, but the difference in the response of the edge gages is significant. 
The edge gages in the tests with a confining ring recorded a tensile strain, 
whereas the edge gages in the test without a confining ring recorded compressive 
strains. The total response is shown in Figure 3.16. The total strain output with 
and without the confining ring is effectively the same up to about 2000 psi of 
pressure. Above 2000 psi, the total strain output is less in the gage with the 
confining ring. Hysteresis is evident in the load-unload cycle for the HRSE gage, 
but not to the degree displayed in the load-unload behavior of the LRSE gages. 
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4 Summary 


Calibration tests were conducted on HRSE and LRSE stress gages immersed in 
oil and embedded in soil. Three soil types were used: (1) flume sand, SP, 
(2) Yuma clayey sand, SC, and (3) Vicksburg loess (silty clay), CL. Calibration 
tests were conducted in which the voltage output of the gage was recorded. These 
soil-embedded calibration test results may be used to reduce the raw stress gage 
data from field tests more accurately than can be achieved using the standard oil- 
immersed calibrations. Stress gage calibration tests were also conducted in which 
the strain output from each of the four individual strain gages in the wheatstone 
bridge were recorded. The gages were oriented for both vertical and horizontal 
stress measurements, and calibration tests were conducted on the gages with and 
without confining rings. The results of these strain output tests can be directly 
compared with the results from finite element gage-simulation calculations. 


A total of 70 calibration tests were conducted with gages immersed in oil. The 
load-unload curves from the hydrostatic calibrations in which voltage was 
recorded displayed linear elastic behavior. Response of the LRSE gage was 
essentially linear elastic for hydrostatic calibrations in which strain was the 
recorded output. But while the loading portion of the corresponding HRSE 
calibrations was essentially linear, the unloading portion was slightly nonlinear, 
resulting in some hysteresis in the load-unload cycle. The calibration constant or 
Ca values for HRSE gages were typically four times greater than the values 
obtained for LRSE gages. 


Significant differences are seen in the results of the 187 soil-embedded 
calibrations. These differences were determined by gage type, soil type, and gage 
orientation. A slightly nonlinear loading curve typified all soil-embedded 
calibrations. The slope of the loading curve was dependent upon gage type and 
soil type. Major differences in response due to gage type and soil type were seen 
in the unloading curves from the soil-embedded calibration tests; hysteresis was a 
dominant characteristic of all load-unload cycles. The magnitude of the hysteresis 
was much greater for LRSE gages than for HRSE gages. LRSE gages calibrated 
in the Yuma clayey sand displayed the most hysteresis, whereas HRSE gages 
calibrated in Vicksburg loess (silty clay) were characterized by the least amount of 
hysteresis. 


Chapter 4 Summary 


Reloading paths for all soil-embedded calibration tests were similar, i.e., the 
paths were linear from the beginning point of reloading to the previous point of 
maximum applied pressure. Neither soil type, gage type, nor gage orientation 
had a detectable effect on the reloading path. 


The presence of a confining ring caused significant differences in response of 
the HRSE gage. Strain gages located on the edges of the HRSE gage diaphragms 
recorded tensile strains when a confining ring was present, and compressive 
strains when the confining ring was absent. The confining ring did not affect the 
results of a LRSE gage when placed for vertical stress measurement; however, 
when a LRSE gage was oriented for horizontal stress measurement, the total 
strain for the gages with the confining ring was consistently higher during both 
loading and unloading than for the gages without the confining ring. 


Chapter 4 Summary 
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